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Abstract

Experimental data of the Cape Bonavista High-Frequency Surface-Wave Radar (HFSWR)
facility was contaminated by power line harmonics. The harmonics modulate the radar signal
(mainly sea clutter) and replicate it into the Doppler spectrum. The spectral replicas distort the
noise and sea clutter statistics in the signal. It is necessary to suppress them before the statistics
can be obtained.

A new process based on optimizations is presented for suppressing the interference. This
process minimizes the spectral power of the sea clutter with respect to the amplitudes and phases
of the harmonics. It is capable of removing the spectral replicas without adversely altering the
statistics. This process, however, requires adequate modelling of the harmonics. A large number
of parameters are required because the harmonics may have a fluctuating fundamental frequency
and fluctuating amplitudes. Therefore the process can be numerically complex. To implement
our process, one must use approximations in the signal model. If the amplitudes and the
fundamental frequency are approximated with constants, the process can still be effective for a
short HFSWR data series. For some 256-point data series, more than 20 dB of the peak
interference can be reduced. For a long HFSWR data series, the same process can be applied by
first dividing it into several short data segments, and then optimizing on the individual segments.
With this slightly revised approach, up to 20 dB of the peak interference can be suppressed for
a long data series.

The process does not account for any anomalies in the HFSWR data. The data may
sometimes have (i) large noise spikes, (ii) unequal strengths of interference in I and Q channels,
and (i1i) irregular waveform patterns. If these anomalies exist, the process becomes less effective.
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Résumé

Les données expérimentales concernant le radar de surface a haute fréquence prises aux
installations de Cape Bonavista étaient contaminées par des harmoniques provenant de
I'alimentation. Ces harmoniques modulent le signal radar (principalement du fouillis de mer) et
le répéte dans le spectre Doppler. Puisque les répliques spectrales distordent les statistiques du
bruit et du fouillis de mer dans le signal, il est donc nécessaire de les éliminer avant d'obtenir ces
statistiques.

Ce rapport présente une nouvelle méthode, basée sur des optimisations, qui minimise [a
puissance spectrale du fouillis de mer relativement a 'amplitude et a la phase des harmoniques.
Cette méthode élimine les répliques spectrales sans altérer trop sévérement les statistiques du bruit
et du fouillis de mer. Elle requiert cependant une modélisation adéquate des harmoniques. Cette
modélisation utilise un grand nombre de paramétres parce que les harmoniques peuvent avoir une
fréquence fondamentale et des amplitudes qui fluctuent, rendant la méthode complexe a évaluer.
Il est donc nécessaire d'utiliser certaines approximations dans le modéle du signal pour
implémenter notre technique. Par exemple, si les amplitudes et la fréquence fondamentale sont
approximées par des constantes, la technique fonctionne pour une courte série de données radar:
pour une série de données de 256 points, nous pouvons réduire l'interférence maximale de plus
de 20 dB. Cette technique peut aussi étre appliquée a une longue série de données en divisant
celles-ci en segments plus courts pour ensuite optimiser chaque segment individuellement. Nous
réussissons a réduire de 20 dB l'interférence maximale avec cette approche.

Cette méthode ne tient pas compte des anomalies dans les données radar. Ces données
peuvent parfois avoir (i) de grandes pointes de bruit, (1) des diagrammes d'onde irréguliers , (iii)
l'interférence peut avoir une puissance différente dans les canaux I et Q. Si ces anomalies
existent, la technique devient moins efficace.




Executive Summary

Experimental High-Frequency Surface-Wave Radar (HFSWR) data was collected in the
summer of 1989 by NORDCO Limited of Newfoundland under a contract to DND [1]. The data
consists of a set of time series of the radar's sea echoes from individual range gates. They are
to be used for studying the characteristics of sea clutter, noise and possible targets.

Preliminary analysis of the data revealed that the time series were contaminated by power
line harmonics. These harmonics modulate the received radar signal and replicate the radar echo
(mainly sea clutter) into four different Doppler frequencies in the power spectrum. The spectral
replicas distort noise statistics and impair target detection. It is necessary to suppress them before
the noise and sea-clutter statistics can be obtained.

This report presents a new process based on optimizations. In the process, the received
radar signal is modelled as sea clutter plus modulation of the sea clutter by the power line
harmonics. The spectral power of the sea clutter in the frequency region of the spectral replicas
is then minimized with respect to the amplitudes and phases of the harmonics. If the radar signal
is modelled adequately, this process is capable of removing the interference of the spectral
replicas without adversely altering the noise and sea-clutter statistics in the radar signal.

In the experimental data, however, the fundamental frequency of the harmonics fluctuates
at 60 Hz, and consequently the phases of the harmonics are time-dependent. The amplitudes of
the harmonics also seem to fluctuate with time. A large number of parameters are required to
model the fluctuations. The process can therefore be numerically complex.

To implement the process, one must use approximations in the signal model. If the
amplitudes and the fundamental frequency of the harmonics are approximated with constants, the
process can still be effective for short data series. For example, for some 256-point data series,
more than 20 dB suppression of the peak interference is possible. For a long HFSWR data series,
the same process can be applied by first dividing it into several short data segments (e.g., 256
points, or even 128 points), and then optimizing on the individual data segments. With this
slightly revised approach, up to 20 dB of the peak interference can be suppressed for . long
HFSWR data series.

The optimization process, however, becomes less effective if there are anomalies in the
experimental time series. The possible anomalies include (i) large noise spikes, (ii) unequal
strengths of interference in I and Q channels, and (iii) irregular patterns in thc time waveform.

Vil




Table of Contents

ADSITaCt . . . it
RESUME ... .. .. v
Executive Summary . ............. ... vii
Table of Contents . . ... ... .. .. ix
List of Figures ............. ... xi
1.0 Introduction . ...........coiiiini et 1
2.0 Theoretical Formulation . .............. .. ... .. .. ... .. .. ... ... 3
2.1 Signal Model . .. .. ... . . . 3

2.2 Interference Suppression via Optimization ............................. 4

3.0 Practical Implementation of the Optimization ............................ 7
3.1 Case of Constant Amplitudes and Constant Phases . ...................... 8

3.1.1 Mathematical Simplification ................................. 3

3.1.2 Numerical Implementation .. ............... .. ................ 9

313 Resultsand Discussions ... ................... ... .......... 9

32 Case of Constant Amplitudes and Linear Phases . . ... .................... 10

3.2.1 Mathematical Simplification ................. ..... ... ........ 10

3.2.2 Numerical Implementation .. .............. .................. 12

323 Resultsand Discussions . ................................... 12

33 Case of Fluctuating Amplitudes and Fluctuating Phases ................ ... 13

331 ShortTime Series .. ................ . .. 13

332 LongTime Series . .. ...t 15

34 Anomaliesin HFSWR Data ....................................... 16

35 SUMMIANY . . ... 20

4.0 Conclusions and Recommendations ... ................... .. ... ........ 20
4.1 Conclusions . . . ... ... . 20

42 Recommendations . ............. ... ... . ... .. 21
Acknowledgement ........ ... ... ... 21
References .. ... ... ... ... 21
Appendix A Characteristics of the Spectral Power Function .. . .......... ... .. .. 22




Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7

Figure 8
Figure A-1

List of Figures

Power Spectrum of a Typical Time Series

in the Cape Bonavista HFSWR Experiment . ...................... 2
Power Spectrum of the Experimental Time Series

after Suppression of 60 Hz Harmonics . . ........................ 10
Power Spectrum of the Experimental Time Series

after Suppression of 59911 HzHamonics . ... .......... ... ...... 13
Power Spectrum of a 256-Point HFSWR Time Series

before (a) and after (b) Suppression of 59.947 Hz Harmonics .. ....... 14
Power Spectrum of the Experimental Time Series

after Interference Suppression in Individual Segments . . ... ... ... ... 15
I and Q Channels of a 4096-point HFSWR Time Series

before (a,b) and after (c,d) Interference Suppression ................ 17
Power Spectrum of the 4096-point HFSWR Time Series

before (a) and after (b) Interference Suppression . . .. .. ... ... ..... .. 18
Irregular Waveform Patterns and Noise Spikes . .. .......... .. .. .. . 19

Spectral Power of Interference vs. Amplitudes and Frequency

X1




1.0 Introduction

Experimental High-Frequency Surface-Wave Radar (HFSWR) data was collected in the
summer of 1989 by NORDCO Limited of Newfoundland under a contract to DND [1]. The
HFSWR facility is located in Cape Bonavista, Newfoundland. It employs a 1.95 MHz Loran A
transmitter and an 1l-element array receiver. The omni-directional transmitter emits trains of
50 us, raised cosine, pulses at a pulse repetition frequency (PRF) of 25 Hz. The receiver aims
offshore from Cape Bonavista. The received signal is sampled and then processed to yield a set
of time series of the sea echoes from individual range gates. The effective sampling rate, f,, of
these time series is equal to the PRF, i.e, 25 Hz.

The data normally consists of sea clutter, noise and possible targets, with the sea clutter
dominating. However, preliminary analysis of the data indicated that the time series were
contaminated by power line harmonics. The harmonics modulate the received radar signal and
replicate the signal in the frequency domain at the frequencies of the harmonics. The frequencies
of the harmonics, f, are equal to the multiples of their fundamental frequency f,. If f, = 60 Hz,
then f = +/- m(60 Hz), m=1,2,3, ...., and the spectral replicas of the radar signal would appear at
f= +/- m(60 Hz).

The sampling process further replicates the modulated signal at the multiples of the
sampling frequency f,. Since f, is less than the frequencies of the modulation harmonics, the
sampled time series are subject to aliasing [2]. Aliasing causes an overlapping of the sampled
spectral replicas. A spectral component located at a frequency f > f, in the modulated signal
would be folded onto a frequency f, < f, in the sampled data. The latter frequency f, is given by

£, = MOD(f, £,) (1)

For the modulation spectral replicas centred at f = +/- m(60 Hz), m=1,2,3, .., the aliased spectra
would appear at one of the following frequencies: -10, -5, 5 and 10 Hz.

Figure 1 shows a power spectral plot of a 1024-point HFSWR time series. We have
chosen the frequency range in Figure I between 0 and 25 Hz, instead of the normal Doppler range
between -12.5 and 12.5 Hz. Consequently, the modulation replicas now appear at 5, 10, 15 and
20 Hz.
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Figure 1 Power Spectrum of a Typical Time Series
in the Cape Bonavista HFSWR Experiment

The objective of analyzing the data is to obtain information on the statistics of noise and
sea clutter to determine the proper detection threshold that will yield an acceptable probability of
false alarm (P,). Since most HF radar systems have poor range and azimuthal resolution, this
information cannot be obtained spatially across the range gates. Consequently, the noise and sea
clutter statistics can only be calculated after Doppler processing of the data, e.g., by conventional
Discrete Fourier Transform (DFT).

The spectral spread of the dominant sea clutter is normally confined to the interval
between -1 and 1 Hz in the Doppler spectrum, i.e., to the intervals between 0 and 1 Hz, and
between 24 and 25 Hz in Figure 1. The noise statistics may therefore be deduced by observing
the power spectrum in the interval between 1 and 24 Hz. However, the presence of the spectral
replicas at 5, 10, 15 and 20 Hz poses a serious problem because the spectral replicas not only
occupy a large portion of the spectrum, but also raise the noise level of the signal. In this report,
we explore means of suppressing the interference of these spectral replicas so that all the data in
the interval can be available for the determination of the noise and sea clutter statistics.




The technique used to suppress the interference must preserve the noise and sea clutter
statistics. The commonly used bandstop filtering technique does not meet this requirement
because it not only changes the noise and sea clutter statistics, but also removes any possible
target Doppler in the frequency regions of interference.

This report presents a new process based on optimizations to suppress the interference.
This process models the radar echo as sea clutter, noise and possible targets (to be referred as sea
clutter thereafter) plus the interference of the power line harmonic modulations. It then minimizes
the spe.tral power of the sea clutter in the frequency region of interference with respect to
amplitudes and phases of the harmonics. Finally it removes the interference from the sea clutter.

The organization of the report is as follows. In Section 2, the process is formulated with
a general signal model: the amplitudes and phases of the harmonics are modelled as polynomial
functions of time. A large number of parameters may be required in this signal model, and
therefore the process can be numerically complex. In Section 3, the process is then simplified
with varying degrees of approximations in the signal model. The results of the process based on
the approximations are presented, and the effectiveness of the process is discussed. Finally
conclusions and recommendations are presented in Section 4.

2.0 Theoretical Formulation

2.1 Signal Model

The received HFSWR signal, x(t), is modelled as follows:
x(t) = c(t) [1+i(¢t)] (2)

where i(t) is the harmonic interference from the power line, and
c(t) is the composite signal of sea clutter, noise and possible targets.

If M is the maximum harmonic number of the interference harmonics, then the signal
model can be further expressed as

=M
x(t) = c{t) 2 Ay(tL) ejlz“"ot”.(t)]] (3)
-N

where A (t) and ¢_(t) are the amplitude and phase of the m-th harmonic, A,=1, ¢,=0, and
f,=60Hz. We assume that A, (t) and ¢ (t) are slow-varying functions of time which can be
approximated adequately by polynomials.

AL (L) =ap,*ap t+ay,ti+. ..
(4)
Gn(£) =bpy* by t+by 2+, .




By definition, the fundamental frequency of the harmonic interference is given by

1 dby(8)

£ (¢t) = GO*Zn__dc

(5)

We further assume that the time variations in the phases of the harmonics are due to the
fluctuations of their frequencies, and that the frequency of the m-th harmonic is equal to the
fundamental frequency multiplied by its harmonic number. This implies that the time variations
in the phases are due entirely to the fluctuation of the fundamental frequency. Mathematically,
if £, = mf,, then

dbs _ 90,

_ = e [}
ac  ™at (e)

Hence, only the constant term by, in §,(t) is the signature term for the phase of the m-th
harmonic, and all the other terms in ¢_(t) can be obtained from ¢,(t), i.e, forp=1,2, 3, ..,

b

Hp:mbxp (7)

A time series {x,, n=0, 1, 2, ..., N-1} is formed by sampling x(t) at t=nAt, where At is the
sampling period of 1/25 seconds. If T, is the radar's dwell time, then N=T/At. Let ¢, denote
¢(nAt), then ’

=M
X, = Cp (E"A.,(n At) e“”“"“f"’“”-‘"“”] (8)
=

2.2 Interference Suppression via Optimization

The time series {c,, n=0, 1, 2, ..., N-1} can be obtained from (8) if the amplitudes and
phases of the harmonics are known.

Xn

c =
o mN J(axm £, 1 At+4(n At)) (3)
Y A(nAt)e o o

n




One way to obtain the amplitudes and phases is to optimize the spectral power of the time series
{c,, n=0, 1, 2, .., N-1} in the frequency region of interference, i.e., in the frequercy interval
encompassing 5, 10, 15 and 20 Hz. This spectral power should be at its minimum when the time
series contains no interference. If the frequency interval is between k, and k,, then the spectral

power, E, is
X
E= 3 1ok
k=

where C,, k=0, 1, 2, ..., N-1, is the DFT of c,, defined by

1N~1 -3 2xkn
Ce= Y Coe ¥
N&
Substituting (9) into (11), we have
N-1 _4.4%kn
x,e 5%

C = +

n=N

=0 E A,,(n AC) ej(z: @ foun At+d,(n At))
m=-M

The necessary conditions f~r E to be minimized are:

JE _
da,, ¢

oE _
b, "~ °

for p=0, 1, 2, ..., and L=-M, -(M-1), ...,-2, -1, 1, 2, ..., M, where L#0.

Substituting (10) into (13) gives

ky

JE _ c.® aCy +C aC,’
da,, ,2;‘ k Ja,, *Oa,

kﬂ L]
dE _ . 9C, ac,
ab:.p kz;, (Ck apr*Ck abl-p

(10)

1)

(12)

(13)

(14)




These equations can be further simplified to

B o)
(o) -

a-

where X is Real.

The partial derivatives in (15) can be obtained as follows.

¢, _ 1\ aA,, e-:’-*,,‘s
da,, N4\ 04, 0z,
c, . 1’“(6c 60) SELL
ab!-b Nn-o E Eb‘&
Since
A | (nAt)?
da,,
ad, _ »
_EL; = (nAt)
acn _xnej(ZtL £y 0 At+dy)
E ) =M 2
2 A,,ej(”" fonAcw.))
=-N
ac, -x,,(jALej("L & At",_))
k-l JS—p— 3
E Amej(zaut,,nAtot.)
-N
then

aCk 1N-1 ( -x, (nA t)pej(znz. £y n At+d,)

da, Vi . 2
n= ;
E AmeJ(anfonAtw,)
\ me =M

N-1 ]
aCk 1 ( 'jAan (nA c)peJ(ZﬂL £, n At+dy)

apr N m=M z
n=0 ( E Amej(znmfomi tw.)]
\

Mn=-M

e

_+ 2Rkn
N

-5 2nkn

N

(15)

(16)

(17)

(18)




where A and ¢ are functions of nAt for m=-M, -(M-1), .., -1, 1, 2 .., M. Note that the partial
derivatives can be computed as DFTs of the time series inside the outermost brackets.

Solving (15) yields a set of {a, b, m=-M, -(M-1), .., -1,1,2, ..., M, and p=0,1,2, ... },
which can be used in (4) to construct the solution set of {A,, 9., m=-M, -(M-1), ..., -1,1,2,..., M}.
Substituting this solution set into (10) would result in {c;, n=0, 1, 2, ... N-1}, a time series
representing the composite signal of sea clutter, noise and possible targets.

3.0 Practical Implementation of the Optimization

The optimization process formulated in Section 2 is theoretically straightforward, but
numerically complex. Difficulties exist in the numerical optimization because: (i) the number of
harmonics (M) present in the signal is not known beforehand, and (ii) there is no assurance that
the amplitudes and the fundamental frequency of the power line harmonics remains constant over
a long period of time. A large value of M or a fluctuating power line frequency increases the
number of parameters in the signal model, and thereby increases the numerical complexity of the
process.

To simplify the process, one must use approximations in the signal model. There are two
key factors involved in the mode!l: the number of the harmonics and the stability of the harmonics.
The number of the harmonics required depends on how the amplitude of the harmonic changes
with the harmonic number. Generally the significance of the harmonic decreases rapidly with the
absolute value of the harmonic number, Therefore the higher-order harmonics can be neglected.
The stability of the interference harmonics depends on the stability of the amplitudes and the
stability of the fundamental frequency. The amplitudes are normally stable with time. Therefore
the constant term in the polynomial in (4) is likely to be adequate to approximate the amplitude.
On the other hand, the frequency is determined in power generators, and it is likely to fluctuate.
Therefore the higher-order terms may be required to approximate the frequency.

The higher-order terms for the frequency, however, increase the numerical complexity of
the process tremendously. Further approximations are necessary to compromise for the simplicity
of the process. Although the frequency fluctuates, it is expected to be very close to 60 Hz. In
the following subsections, various assumptions are made in the model for the frequency: in
Subsection 3.1, the frequency is assumed to be equal to the well-known value of 60 Hz, and then
in Subsection 3.2, it is assumed to be equal to an unknown constant which may deviate slightly
from 60 Hz. For each of the two assumptions, the process is simplified and the effectiveness of
the process is investigated. Based on the results for the two cases, a revised approach to the
optimization process is presented in Subsection 3.3.




3.1 Case of Constant Amplitudes and Constant Phases
3.1.1 Mathematical Simplification

The fundamental frequency of the harmonics in this case is constant at 60 Hz, and the
signal model becomes

=2
X, = ¢, EZA,.eJ""‘” ’°“°'°-’] (19)

where A, and ¢, are constant.

The modulation replicas are now centred exactly at 5, 10, 15 and 20 Hz. At each of the
centre frequencies, more than one modulation replica may exist due to multiple harmonic
interference. These modulation replicas overlap each other, and they cannot be distinguished in
the power spectrum. This implies that the modulation replicas caused by the higher-order
harmonics (m > 2) appear to be the same as those caused by the lower-order harmonics (m=+/-1,
+/-2). Therefore the higher-order harmonics can be ignored in the signal model.

The equations in (15) now become, for L=-2, -1, I, 2,

N (20)
oE d .aC}
= =Xl =0
g, - % (o
The partial derivatives of C, in the equations are given by
N-1 .
aC, 1 [ _x ed(anLfnatdy) k=
=0
n 2 A,,,e j(zm_nfonAc%_))
|\, )
(21)

. i \
6Ck 1 ( _JAaneJ (2rLfynA t+d,) _.2nkn

be Nno g  (2nmEynA tody) :
- RmfnAt+d,
L E ]%mej e
/

m=-2




Note that since the amplitudes of the harmonics are assumed to be constant, the two
partial derivatives can be related as

C(k) _ ., BC(k)
3, T, (22)

This relationship can be used to simplify the second equation in (20), which then becomes

(23)

M
—_—
,-ﬂ\
m
P
d
1
o

Where 3 stands for Imaginary.

Solving (23) would yield a set of {A_, ¢, m=-2, -1, 1, 2}, and substituting this set into
(10) would result in {c,, n=0, 1, 2, ... N-1}.

3.1.2 Numerical Implementation

In this simplified optimization process, there are still eight unknown variables. To
efficiently implement this process, it is necessary to further reduce the number of the unknown
variables. Since the Doppler spreads of the dominant sea clutter and the modulation spectral
replicas are confined to narrow regions, they can be assumed to have very little interaction in the
frequency domain. Each of the four interference peaks can therefore be optimized individually
by selecting the appropriate range of Doppler frequency (i.e., k). For each of the interference
peaks, there is only one interference harmonic, and therefore there are two unknown variables:
the amplitude and the phase of the harmonic.

Instead of one optimization, however, four optimizations are now required. One is
required for each of the four interference peaks. Furthermore, some iterations of the optimizations
may be necessary. For the first iteration, the amplitudes and phases of the harmonics other than
the one being optimized can be assumed to be zero. For the subsequent iterations, those
amplitudes and phases can take the corresponding values found in the previous iteration.

3.1.3 Results and Discussions

This simplified process was first applied to some theoretical data. The data was generated
exactly according to the signal model with a fundamental frequency of 60 Hz. As expected, this
process completely suppressed the interference in the theoretical data.




The process was then applied to the experimental HFSWR time series in Figure 1. The
result indicates that the process is ineffective. As shown in Figure 3, the peak power spectral

density (PSD) is only slightly reduced at 10 and 15 Hz while the peak PSD is even increased at
5 and 20 Hz.

This poor performance indicates that the fundamental frequency of the harmonics is not

exactly 60 Hz, and that there is a mismatch between the frequency in the model and the frequency
in the data.

Power Spectral Density (dBu)
1 0
8 o ° °

{
8

-x|[ll|llrl'llll1_rllll|lllllllll‘lllll—l_fr"l[lllllllll
0 ] 10 15 20 25
Doppler Frequency (Hz)

Figure 2 Power Spectrum of the Experimental Time Series
after Suppression of 60 Hz Harmonics

3.2 Case of Constant Amplitudes and Linear Phases

3.2.1 Mathematical Simplification

The fundamental frequency in the model for this case is still assumed to be constant.

However, it may now deviate slightly from 60 Hz. A frequency offset, Af, is introduced to
indicate the deviation. ’

10




Since Af is constant, the polynomials for the phases become linear. Based on the
frequency multiplication assumption made earlier, the phase for the m-th harmonic becomes

d.(n At) = byy+2xn(m AL)N AL (24)

Thus the signal model can be represented by

m=4
_ J(2n(mfy)n At+2n (mA£) nAt+b,) 25
xn-cn(EAme o '] (23)
m=-4

where A_ and b, are constants. Note that here we have dropped the subscript 0 in b, and we
have also set M to be four.

The necessary conditions for minimizing the spectral power are:

ky
JE _ « 9C)) _
& - e -

i (26)
oF - 2 . aCk =
75, - (o))
fOl’ L='4, '3, ‘2, 'ly 17 21 3! 47 and
L)
st -5 i)
= = (27}
T¥3) 2&(“(0“ & ))°
where
N-1 ¢ , .
s, _ 1} (_omertmhatnnen e
=0 ] + +,
n (Z AmeJ (2rm{Lfy+Af)nAt b.)]
m=-4 J (28)
N-1 ¢/ : . +5,) )
aCk i i _jAane](z‘ﬂL(fo Af )nAt+dy) e_j 21:::1
n=0 (E Amej(znm(fuerf)nAt‘b.)]
\ Mu=4 J

11




and

N-1 . .
C  _ 1 -jA x,(27nA t) ¥ (3nL{fraf Indteby) i
n=0 ( A el tammlfe+annateD,) '
m
ma=-4

Solving (26) and (27) would yield a set of {A,, ¢, m=-4, -3, -2, -1, 1, 2, 3, 4}.
Substituting this set into (10) would result in {c, n=0, 1, 2, .., N-1}.

3.2.2 Numerical Implementation

Each of the interference peaks now consists of two harmonic modulation replicas.
Therefore there are five unknown variables for the 60 Hz interference peak, and four unknown
variables for the others. For each of the interference peaks, the variables include two amplitudes
and two phases of the two harmonics. For the 60 Hz interference peak, the additional unknown
variable is the frequency offset, Af.

The implementation method of Subsection 3.1.2 can be used here. However, since the
harmonics are periodic in this case, it may be difficult to locate the global minimum of the
spectral power of the sea clutter. A different strategy for the numerical optimization is required.
Our strategy involves a combination of optimizing and searching. For a given set of frequency
offset and amplitudes of the two interference harmonics, we optimize the spectral power of the
sea clutter with respect to the phases of the two harmonics. We then repeat the optimization for
certain ranges of the frequency offset and the two amplitudes. Finally, we search for the
frequency offset and the amplitudes of the two harmonics w =h would yield the global minimum.

3.2.3 Results and Discussions

This optimization process was also applied to the HFSWR time series shown in Figure 1.
The frequency offset for this series was found to be -0.089 Hz. The power spectral density of
the time series optimized by the process is shown in Figure 3. Although there is a significant
improvement in the interference suppression, the process is still not very effective. Figure 3
shows that the peak PSD is reduced only by 3.5 dB at S Hz, 14.5 dB at 10 Hz, 11 dB at 15 Hz,
and 6 dB at 20 Hz.

This result indicates that the fundamental frequency fluctuates and that the signal model
with a constant frequency offset is still not quite adequate. This inadequacy is particularly severe
in a long time series. To acquire a 1024-point time series at a PRF of 25 Hz, the radar must
dwell for 40.96 Seconds. This is a very long duration as compared to the period of the 60 Hz
interference. Consequently, the signal model with a constant frequency offset cannot adequately
account for the fluctuation of the fundamental frequency.
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33 Case of Fluctuating Amplitudes and Fluctuating Phases
3.3.1 Short Time Series

The fluctuations of the amplitudes and- the fundamental frequency, however, are expected
to be very small in the HFSWR time series. For a short time series, the signal model of
Subsection 3.2 should be more adequate to approximate the harmonics, and therefore, the
optimization process should work more effectively.

Figure 4 shows the PSD of a 256-point HFSWR time series before and after the
optimization. The interference is suppressed substantially in this short time series. The peak PSD
is reduced by more than 10 dB near § and 20 Hz, and more than 20 dB near 10 and 15 Hz.

Figure 4 also shows that the optimization process satisfies the requirement that the noise

and sea-clutter statistics must be preserved in the time series. The power spectrum is virtually
unchanged in the non-interfered frequency regions before and after the optimization.
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3.3.2 Long Time Series

The result for the short time series indicates that an alternate approach can be used for
the long time series. The long series can be divided into several short series, and the short series
can be optimized individually by the process of Subsection 3.2. After the optimizations, the short
series can then be grouped back together. '

This approach was also applied to the HFSWR time series shown in Figure 1. The 1024-
point time series was divided into 8 segments of 128 points, and each of the 8 data segments was
then optimized with the process of Subsection 3.2. The optimized data segments were finally
assembled together to form a new series. Figure 5 shows the PSD of the time series after the
optimizations. The result indicates that this new approach is much more effective. Substantial
suppression of the interference is now achieved in the time series. The peak PSD of the time
series is reduced respectively by 13 dB at 5 Hz, 22 dB at 10 Hz, 15 dB at 15 Hz, and 14 dB at
20 Hz.

Figure S5 indicates that the optimizations not only preserve the shape of the power
spectrum in the non-interfered frequency regions, but also try to restore the noise level in the time
series. In the original time series, the noise level has been raised because of the interference.
After the interference suppression, the PSD level of the time series is noticeably reduced.
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Figure 5 Power Spectrum of the Experimental Time Series
after Interference Suppression in Individual Segments
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The PSD reductions at 5 and 20 Hz are particularly significant because the radar target
signals normally appear in the low Doppler frequency region, i.e., in the regions between 0 and
5 Hz, and between 20 and 25 Hz. Severe interference may mask out the target signals in these
regions.

A small degree of interference, however, remains in the optimized time series in Figure 5.
This residual interference is due to the fact that the signal model is only an approximation to the
fluctuating harmonics.

34 Anomalies in HFSWR Data

The effectiveness of the optimization process also depends on the quality of the HFSWR
data. Sometimes the HFSWR data contains anomalies. Figure 6 depicts a 4096-point HFSWR
time series before and after the application of the optimization process. In the original time
series, there is a large noise spike near 75 seconds. Following the 75 second mark, the
interference in the I and Q channels appear peculiarly of unequal strength. OQOur optimization
process does not account for these anomalies. Consequently, they may have some negative effects
on the optimization results. The time series in Figure 6 was optimized with the revised approach
of Subsection 3.3.2. The original 4096-point time series was divided into 16 data segments of
256 points, and each of the segments was optimized with the process of Subsection 3.2. The
results indicate that the process works effectively for the data segments before the 75 second
mark. In fact, the 256-point time series shown in Figure 4 is the first segment of this 4096-point
series, and a substantial reduction of the interference was achieved for the segment. However,
the process works much less effectively for the data segments after the 75 second mark, and a
large amount of interference remains in the data segments after the optimizations. In the last three
256-point data segments in particular, the process fails to construct a good waveform in the Q
channel.

The remaining interference in the segments after the 75 second mark contributes
significantly to the residual interference in the long time series. Figure 7 shows the power
spectrum of the 4096-point time series before and after the optimizations. The peak PSD of the
series is reduced by more than 15 dB near 10 and 15 Hz, and more than 5 dB near 5 and 20 Hz.
However, it is evident that there is still some interference remaining in the optimized time series.
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Figure 6 also indicates that there are some noise spikes in the optimized time series.
These spikes are probably caused by an irregular waveform pattern in the original time series.
The original time series was under-sampled, and therefore the time waveform of the series would
appear to be flat at one instance and spiking at the others. These flat and spiking regions would
normally appear in a very regular pattern. However, in the experimental time series, this regular
pattern does not always exist. For instance, in Figure 8(a), where a magnified portion of the Q
channel in Figure 6 is shown, irregular patterns occur in the small intervals near 1 and 5 seconds.
A close examination of the time series indicates that the noise spikes in the optimized time series
appear exactly in the same regions where the irregular waveform patterns appear in the original
time series. This concurrent occurrence of the irregular waveform patterns and the noise spikes
is illustrated in Figure 8(b), where the Q channel of the time series is further magnified before
and after the optimization.
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3.5 Summary
The results in Section 3 can be summarized below:

n To avoid numerical complexities, one must use approximations in the signal model for
the fluctuating amplitudes and fundamental frequency of the interference harmonics.

(2) If the amplitudes and the fundamental frequency of the harmonics are approximated with
constants, the optimization process works more effectively for a short time series than for
a long time series. Substantial reductions of the interference can be achieved in the short
HFSWR time series. More than 20 dB suppression of the peak interference PSD is
possible in some 256-point time series.

3) The result for the short time series leads to a different approach for the long time series.
The long series is divided into several short series and each of the short series is
optimized individually. With this revised approach, it is possible to reduce substantially
the spectral power of interference. Up to 20 dB reduction of the peak interference can
be achieved in a 1024-point HFSWR time series.

4) The optimization process, however, becomes less effective if anomalies exist in the
experimental time series. The possible anomalies include (i) large noise spikes, (i1)
unequal strengths of interference in I and Q channels, and (iii) irregular patterns in the
time waveform.

4.0 Conclusions and Recommendations

4.1 Conclusions

The need for noise and sea clutter statistics in the contaminated HFSWR data leads to the
formulation of an optimization process. This process has the capability of suppressing the
interference of power line harmonics without adversely altering the noise and sea-clutter statistics
in the data.

The process, however, relies on adequate modelling of the power line harmonics. The
harmonics may have a fluctuating fundamental frequency and time-dependent amplitudes. A large
number of parameters are required in the signal model. Consequently, the process can be
numerically complex.

To implement our process, one must use approximations in the signal model. For short
time series, the amplitudes and the fundamental ffequency of the harmonics can be approximated
with constants, and the process can still be effective. For some 256-point time series, more than
20 dB reduction of the peak interference PSD is possible. For a long HFSWR time series, the
same process can be applied by first dividing it into several short data segments (e.g., 256 points
or even 128 points), and then optimizing in the individual data segments. With this revised
approach, up to 20 dB of the peak interference can be suppressed for a long HFSWR time series.
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The optimization process, however, becomes less effective if the experimental HFSWR
time series contains anomalies. The possible anomalies include (i) large noise spikes, (ii) unequal
strengths of interference in I and Q channels, and (iii) irregular patterns in the waveform of the
time series.

4.2 Recommendations

Although the optimization process substantially reduces the interference, a small degree
of the interference still remains in the optimized time series. This residual interference is partly
due to the approximations used in the signal model for the fluctuating fundamental frequency of
the harmonics.

A better approximation for the fundamental frequency can be obtained in the processing

of the raw radar data [3]. If this approximation is used, the optimization process should be able
to reduce the interference more substantially.
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Appendix A Characteristics of the Spectral Power Function

Figure A-1 depicts the spectral power of interference against the frequency offset and
amplitudes of two different harmonics (60 and -240 Hz) producing the same interference peak.
The frequency offset ranges from -0.10 to -0.01 Hz while the amplitudes range from 0.25 to 0.45
for the 60 Hz harmonic and from 0 to 0.05 for the -240 Hz harmonic. For a given set of the
frequency offset and the two amplitudes, the spectral power was optimized by the process of
Subsection 3.2 with respect to the phases of the two harmonics in a 256-point data series. Each
point (a cross) in the plot represents an optimization. This plot shows that there is indeed an
global minimum for this spectral power function.

Figure A-1 also shows that the spectral power function is very sensitive to the fluctuation
of the fundamental frequency of the harmonic interference. Near its minimum, the spectral power
does not change very much with different combinations of the two amplitudes. However, it
changes rapidly with the frequency offset.
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